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  Disintegration	or	redispersion	of	supported	sintered	gold	nanoparticles	(Au	NPs)	in	the	presence	of	
alkyl	halide	can	give	catalyst	regeneration	or	redispersion	of	sintered	Au	catalysts.	The	selectivity	of	
alkyl	halides,	temperature	and	size	distributions	were	investigated	to	elucidate	the	redispersion	of	
Au	NPs	during	halide‐induced	decomposition.	This	study	proved	that	the	alkyl	halide	induced	the	
redispersion	of	sintered	Au	NPs	which	depended	on	the	R–X	(X	=	I,	Br,	Cl)	bond	dissociation	energy	
(BDE)	and	 thus	provided	a	simple	descriptor	 for	 the	regeneration	of	 inactive	 supported	Au	cata‐
lysts.	A	correlation	between	the	BDE	of	R–X	and	dispersion	efficiency	was	established.	The	tendency	
for	 disintegration	 and	 redispersion	 followed	 the	R–X	BDE	 of	 the	 alkyl	 halide.	 Compared	 to	 alkyl	
chlorides	 and	 bromides,	 iodides	were	more	 efficient	 for	 redispersing	 sintered	 Au	 NPs.	 As	 a	 de‐
scriptor,	 the	BDE	of	R–I	played	a	crucial	role	in	particle	redispersion.	These	findings	provided	in‐
sights	into	the	mechanism	of	organic	halide‐induced	Au	NP	disintegration	and	the	effect	of	the	hal‐
ide	type	on	the	redispersion	of	sintered	catalysts.	
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1.	 	 Introduction	
Supported	Au	catalysts	have	been	widely	studied	in	the	last	
three	 decades	 because	 of	 their	 outstanding	 catalytic	 perfor‐
mance	 for	 a	 wide	 range	 of	 catalysis	 processes.	 The	 Haruta	
group	[1]	and	Hutchings	group	[2]	initially	developed	Au‐based	
systems	 for	 low	 temperature	 CO	 oxidation	 and	 acetylene	 hy‐
drochlorination	over	active	Au‐based	catalysts.	Thereafter,	Au	
was	shown	effective	for	environmental	protection	[3],	chemical	
production	 [4],	 energy	 catalysis	 [5],	 and	catalytic	 applications	
[6].	
The	transformation	of	Au	from	an	inert	metal	to	a	catalyti‐
cally	active	material	is	due	to	the	production	of	small	NPs.	The	
nature	of	the	interaction	with	the	support	is	important	for	the	
activity	and	selectivity.	Although	highly	dispersed	Au	particles	
possess	 outstanding	 selectivity	 in	many	 cases,	 Au‐based	 cata‐
lysts	have	a	tendency	to	have	low	stability	because	of	irreversi‐
ble	 deactivation	 caused	 by	 sintering,	 which	 is	 an	 important	
factor	in	deactivation	[7,8].	Two	mechanistic	models	have	been	
proposed	 for	 Au	 sintering:	 coalescence	 of	 small	 particles	 and	
Ostwald	 ripening	 for	 the	 growth	of	 larger	 particles	 at	 the	 ex‐
pense	 of	 smaller	 ones.	 They	 both	 result	 in	 the	 loss	 of	 active	
surface	area	[9,10].	Despite	the	fact	that	particle	sintering	is	a	
common	event	 leading	 to	 the	deactivation	of	Au	NP	 catalysts,	
there	is	a	paucity	of	investigation	on	the	regeneration	of	small‐
er,	 catalytically	active	Au	NPs	 from	the	 large	particles	 formed	
after	 elevated	 temperature	 treatment	 and/or	 a	 reduction	 at‐
mosphere	 [1012].	To	 increase	 the	 lifetime	of	 industrial	 cata‐
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lysts,	researchers	must	elucidate	how	to	suppress	particle	sin‐
tering	 rate	 or	 redisperse	 the	 deactivated	 catalysts	 in	 a	 facile	
approach.	Hence,	methods	for	the	redispersion	of	Au	from	large	
to	small	NPs	would	be	a	major	application	in	the	reactivation	of	
Au	 catalysts	 to	 make	 these	 materials	 more	 likely	 to	 become	
viable	 and	 practical	 industrial	 catalysts.	 Many	 groups	 have	
conducted	studies	to	minimize	or	reverse	catalyst	deactivation	
through	sintering.	The	majority	of	the	research	in	this	field	has	
been	confined	to	supported	metal	catalysts	[7,13,14].	Catalysts	
can	 be	 regenerated	 using	 CO	 and	 NO	 or	 iodomethane	 [7,14].	
Moreover,	 an	 offline	 treatment	 is	 an	 effective	 regeneration	
method	[15,16].	
For	 heterogeneous	 catalysis,	 large	 Au	 NPs	 (~30	 nm)	 are	
dispersed	 to	 form	 stable	 Au	 dimers	 and	 trimers	 during	
Au‐catalyzed	carbonylation	of	methanol	to	methyl	acetate	and	
ethanol	 dehydrogenation	 in	 the	 presence	 of	 iodomethane	
[7,15].	Sa′	et	al.	[7]	investigated	the	dispersion	of	Au	NPs	sup‐
ported	 on	 activated	 carbon	 (Au/AC)	 and	 graphite	 by	 using	 a	
CH3I	treatment.	The	atomic	dispersion	of	Au	was	achieved	at	a	
temperature	 as	 low	 as	 50	 °C.	 The	 proposed	 reaction	mecha‐
nism	 suggested	 that	 Au	 was	 initially	 oxidized	 by	 interaction	
with	iodine.	This	was	followed	by	the	dissociation	of	Au−I	enti‐
ties	from	the	central	particle.	Furthermore,	titania‐	and	alumi‐
na‐based	 supported	 Au	 catalysts	 were	 transformed	 from	 nm	
particles	into	small	clusters	and	some	atomically	dispersed	Au.	
Similarly,	large	particles	of	Au	(12–28	nm	in	size)	supported	on	
activated	 carbon	 can	 be	 dispersed	 down	 to	 the	 atomic	 level	
during	the	carbonylation	of	methanol	to	methyl	acetate	 in	the	
presence	of	methyl	iodide,	which	was	reported	by	Goguet	et	al.	
[12].	The	interaction	of	Au	with	iodine	is	important.	Moreover,	
Morgan	et	al.	[17]	reported	that	Au	dispersion	was	achievable	
under	milder	conditions	in	terms	of	temperature	and	pressure	
by	using	a	simple	CH3X/inert	feed	(X	=	Br	or	I).	The	markedly	
benign	conditions	were	used	to	disperse	the	Au	catalyst	and,	in	
this	 case,	 redispersed	 Au‐supported	 carbon	 which	 were	 sin‐
tered	 to	reactivate	 the	catalyst	 [17].	Although	 this	 is	a	 signifi‐
cant	transformation,	the	conditions	utilized	during	the	reaction	
were	harsh	(240	°C	and	1.6	MPa)	and	required	a	complex	reac‐
tion	mixture	involving	virulent	reagents	and	security	concerns.	
Furthermore	 the	 mechanism	 of	 redispersion	 by	 the	 organic	
halides	 remains	 ambiguous,	 thereby	 limiting	 the	 general	 ap‐
plicability	of	 the	approach	as	a	 routine	procedure	 for	 the	dis‐
persion	of	sintered	Au	catalysts.	
Recently,	we	conducted	a	series	of	redispersion	processes	of	
sintered	 Au/AC	 catalysts	 using	 iodohydrocarbons,	 and	 indi‐
cated	the	correlation	of	the	CI	BDEs	of	 iodohydrocarbon	and	
the	 redispersion	 rate	where	 the	minimum	BDE	 exhibited	 the	
best	redispersion	efficiency	[18].	Many	studies	used	in	situ	high	
resolution	 transmission	 electron	 microscope	 (HRTEM)	 to	
evaluate	 direct	 sintering,	 Ostwald	 ripening,	 or	 aggregation	 of	
metal	 NPs,	 including	 Au	 [16,19,20].	 Nevertheless,	 the	 readily	
visible	 disintegration	 or	 redispersion	 and	 formation	 of	
nanoclusters	of	sintered	NPs	were	defective,	especially	Au	NPs	
[21,22].	We	previously	proposed	a	mechanism	that	gave	a	mo‐
lecular	level	understanding	of	the	critical	interfacial	events	and	
revealed	the	strategy	of	small	Au	NPs/cluster	formation	stabil‐
ity	 [18].	 Halide	 ions	 were	 adsorbed	 on	 the	 Au	 surface	 with	
binding	 energies	 that	 scale	with	polarizability	 (I	 >	Br	 >	 Cl)	
and	crystal	 facet	 {(111)	>	 (110)	>	 (100)}	 [23,24].	To	evaluate	
the	Au	dispersion	efficiency,	we	showed	that	Au	dispersion	was	
alkyl	halide‐induced	and	well	correlated	with	the	R–X	(X	=	I,	Br,	
Cl)	BDEs.	The	redispersion	of	already	sintered	Au/AC	catalyst	
was	easily	achieved	under	mild	and	safe	conditions	in	terms	of	
temperature	and	type	of	alkyl	halide.	HRTEM	images	illustrated	
a	direct	 redispersion	progress.	As	 a	 regeneration	 showcase,	 a	
hydrochlorination	catalytic	test	was	performed	to	examine	the	
viability	of	the	regeneration	protocol	by	using	an	unpromoted	
Au/AC	 catalyst,	 which	 was	 significantly	 sintered	 to	 large	 Au	
NPs	 under	 practical	 conditions	 [2527].	 The	 mechanism	 un‐
derlying	the	redispersion	was	proposed.	
To	 reveal	 the	 intrinsic	 effects	 and	 nature	 of	 the	 car‐
bon‐halogen	bond	on	the	redispersion	of	sintered	Au/AC	cata‐
lysts,	we	compared	the	redispersion	rate	using	three	series	of	
halohydrocarbons,	 namely,	 iodohydrocarbons,	 bromohydro‐
carbons,	and	chlorohydrocarbons.	In	this	study,	we	focus	on	the	
redispersion	of	sintered	Au	particles	with	controllable	size	by	
using	 halohydrocarbons.	 The	 specific	 redispersion	 procedure	
of	 a	 sintered	 Au/AC	 catalyst	 was	 monitored	 using	 time	 de‐
pendent	X‐ray	diffraction	(XRD)	patterns	and	TEM	images.	On	
the	basis	of	the	analysis	of	the	CX	(X	=	I,	Br,	Cl)	BDEs,	the	cor‐
relation	between	the	C–X	(X	=	I,	Br,	Cl)	BDEs	of	the	halohydro‐
carbons	 and	 the	 relative	 redispersion	 rate	 was	 successfully	
established.	This	gave	a	descriptor	to	predict	 the	redispersion	
behavior.	 A	 catalytic	 test	 using	 acetylene	 hydrochlorination	
was	performed	 to	demonstrate	 the	 efficiency	of	 the	 redisper‐
sion.	A	redispersion	mechanism	was	discussed.	
2.	 	 Experimental	 	
2.1.	 	 Materials	
Commercially	available	reagents	(such	as	the	metal	precur‐
sor	 HAuCl4·4H2O	 from	 Aladdin	 Chemistry	 Co.,	 Ltd,	 assay:	
49.7%)	 were	 used	 without	 purification	 unless	 specified.	
AR‐grade	 iodohydrocarbons,	 including	 triiodomethane	 (CHI3),	
iodomethane	 (CH3I),	 n‐iodopropane	 (n‐C3H7I),	 n‐iodobutane	
(n‐C4H9I),	 iodobenzene	 (C6H5I),	 and	n‐iodopentane	 (n‐C5H11I);	
bromohydrocarbons	consisting	of	n‐bromopropane	(n‐C3H7Br),	
bromomethane	 (CH3Br),	 dibromomethane	 (CH2Br2),	 bromo‐
form	 (CHBr3),	 tetrabromomethane	 (CBr4),	 and	 chlorohydro‐
carbons	 consisting	 of	 n‐chloropropane	 (n‐C3H7Cl),	 chloro‐
methane	 (CH3Cl),	 dichloromethane	 (CH2Cl2),	 chloroform	
(CHCl3),	 and	 tetrachloromethane	 (CCl4)	 were	 obtained	 from	
Aladdin	and	used	without	further	purification.	Distilled	deion‐
ized	water,	hexane,	ethanol,	and	acetone	(AR	grade)	were	used	
as	 indicated.	 Nitrogen,	 hydrogen	 chloride,	 and	 acetylene	
(99.999%	purity)	were	purchased	from	Linde	AG.	
2.2.	 	 Catalyst	preparation	and	redispersion	procedure	
Au/AC	(1.0	wt%	Au	loading)	catalysts	were	prepared	by	an	
incipient	 wetness	 impregnation	 technique	 previously	 de‐
scribed	[18].	The	carbon	(40–60	mesh)	was	first	washed	with	
diluted	aqueous	HNO3	(2.0	mol	L−1)	solution	at	80	°C	for	5	h	to	
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remove	 Na,	 Fe,	 and	 Cu.	 The	 carbon	was	 filtered	 and	washed	
with	distilled	water	and	dried	at	150	°C	for	12	h.	The	required	
amount	 of	 HAuCl4·4H2O	 solution	 in	 aqua	 regia	 (6.3	 mL)	 was	
dropped	into	the	acid‐washed	carbon	(40–60	mesh,	5	g)	while	
stirring.	The	product	was	then	dried	at	110	°C	for	12	h	and	used	
as	 the	 fresh	 catalyst.	 Various	 aging	 protocols	were	 employed	
for	 the	 supported	 noble	 metal	 catalysts.	 Selection	 was	 con‐
ducted	 to	 facilitate	 detection	 analyses	 and	 emphasize	 the	
chemical	 features	attributed	 to	 the	 sintering	of	 the	aged	sam‐
ples.	Thus,	 the	physical	or	chemical	properties	of	 the	samples	
were	clearly	given	when	describing	 the	characterization	 tech‐
nique	used.	The	fresh	catalyst	was	hydrothermally	aged	for	5	h	
at	350	C	in	a	tubular	oven	in	a	 flow	of	dry	N2	(40	mL	min−1)	
with	a	heating	ramp	of	10	C	min−1.	The	aged	catalyst	was	then	
obtained	and	designated	as	Au/AC.	Redispersion	treatment	of	
sintered	 catalysts	 was	 carried	 out	 in	 a	 sealed	 glass	 vial.	 In	 a	
classic	treatment,	4	mL	iodohydrocarbon‐acetone	solution	(30	
wt%)	was	first	mixed	in	a	sealed	sample	vial	and	200	mg	of	the	
sintered	catalyst	was	added	to	the	mixed	solution.	The	sample	
was	vigorously	stirred	with	a	magnetic	stirrer	at	a	designated	
temperature	 under	 ambient	 pressure	 for	 a	 fixed	 time.	 After	
treatment,	 the	 sample	was	 filtered,	washed	with	 hexane,	 and	
dried	at	110	°C	for	12	h.	The	dried	sample	was	then	stored	in	a	
sealed	sample	vial.	
2.3.	 	 Catalyst	characterization	
XRD	patterns	of	the	catalysts	were	recorded	using	a	PANa‐
lytical	X’pert	Pro	Super	X‐ray	diffractometer	with	Cu	Kα	radia‐
tion	(λ	=	0.15418	nm)	and	a	scanning	angle	(2θ)	range	of	10°	to	
90°.	The	tube	voltage	and	current	were	40	kV	and	30	mA,	re‐
spectively.	Au	crystallite	size	was	calculated	using	the	Scherrer	
equation,	with	the	full	width	at	half‐maximum	(FWHM)	of	the	
Au	(111)	diffraction	peak	at	2θ	=	38.4°.	TEM	images	were	ob‐
tained	using	 a	 TECNAI	 F30	 transmission	 electron	microscope	
operated	at	an	acceleration	voltage	of	300	kV.	The	selected	area	
electron	 diffraction	 (SAED)	 pattern	was	 recorded	 by	 aligning	
the	electron	beam	perpendicular	to	one	of	the	square	 faces	of	
an	 individual	 Au	NPs.	 The	 catalyst	 powder	was	ultrasonically	
dispersed	 in	 ethanol	 at	 room	 temperature	 for	 30	min	 to	 pre‐
pare	 an	 appropriate	 sample	 for	 TEM	 observation.	 The	 dis‐
persed	sample	was	transferred	onto	a	carbon‐coated	copper	or	
molybdenum	grid	by	dipping.	The	particle	size	distribution	was	
evaluated	 based	on	measurements	 from	 the	 full	 TEM	 images.	
The	 actual	 Au	 content	 of	 the	 sample	 was	 analyzed	 by	 X‐ray	
fluorescence	 (XRF)	 spectrometry	 using	 a	 PANalytical	 AXIOS	
PW4400	sequential	spectrophotometer	with	a	Rh	tube	as	radi‐
ation	 source.	 Measurements	 were	 performed	 with	 pressed	
pellets	 containing	6	wt%	wax.	Characterization	was	 also	 con‐
ducted	 by	 X‐ray	 photoelectron	 spectroscopy	 (XPS)	 using	 a	
Quantum	2000	Scanning	ESCA	Microprobe	instrument	(Physi‐
cal	Electronics)	equipped	with	an	Al	Kα	X‐ray	radiation	source	
(hυ	 =	 1486.6	 eV).	 The	 activated	 catalyst	 was	 collected	 and	
sealed	 under	 Ar	 atmosphere.	 The	 collected	 sample	was	 com‐
pressed	into	a	thin	disk	in	a	glove	box	and	then	transferred	to	
the	 XPS	 apparatus	 analysis	 chamber.	 Binding	 energies	 were	
calibrated	 using	 the	 Si	 2p	 peak	 at	 103.7	 eV	 as	 reference.	 Ex‐
perimental	 errors	 were	 within	 ±	 0.2	 eV.	 Diffuse	 reflectance	
ultraviolet‐visible	 (UV‐vis)	 spectroscopy	 measurements	 were	
performed	 in	 a	 Lambda	 650S	 UV‐vis	 spectrophotometer	
equipped	 with	 a	 Harrick	 high	 temperature	 reaction	 chamber	
and	an	integrating	sphere	detector.	
2.4.	 	 Catalytic	activity	test	
The	 catalytic	 performance	 of	 acetylene	 hydrochlorination	
was	evaluated	in	a	fixed	bed	glass	microreactor	(i.d.	of	8	mm)	at	
0.1	 MPa	 [18].	 The	 temperature	 of	 the	 reactor	 was	 regulated	
using	 a	 CKW	 1100	 temperature	 controller.	 The	 reactor	 was	
purged	with	 nitrogen	 for	 12	 h	 before	 the	 reaction	 to	 remove	
water	and	air	in	the	system.	Hydrogen	chloride	gas	was	passed	
through	the	reactor	at	a	flow	rate	of	20	mL	min–1	to	activate	the	
catalyst.	After	the	reactor	was	heated	to	180	°C,	hydrogen	chlo‐
ride	 (5.5	mL	min–1)	was	 fed	 through	 the	 heated	 reactor	 con‐
taining	 0.5	 mL	 of	 the	 catalyst	 at	 a	 gas	 hourly	 space	 velocity	
(GHSV)	of	C2H2	at	600	h–1.	The	reaction	products	were	analyzed	
using	an	online	gas	chromatograph	(GC‐2060).	Product	distri‐
bution	was	 determined	 under	 the	 following	 conditions:	 chro‐
matographic	 column,	 type	 2	m	 ×	φ	4	mm;	 coating,	 GDX‐301;	
column	 temperature,	 120	 °C;	 FID	 detector;	 and	 detector	 and	
vaporizer	 temperature,	 150	 °C.	Given	 that	 the	 individual	 sub‐
stance	had	a	high	boiling	point	and	low	content,	the	products	of	
acetylene	hydrochlorination	were	quantified	by	 the	peak	area	
normalization	 method.	 The	 conversion	 of	 acetylene	 (XA)	 and	
the	selectivity	to	VCM	(SVC)	were	used	to	determine	the	catalytic	
performance.	 As	 hydrogen	 chloride	 was	 absorbed	 after	 the	
reaction,	the	volume	of	the	reaction	system	was	set	to	constant	
throughout	the	calculation.	With	the	total	volume	regarded	as	a	
volume	unit,	XA	and	SVC	were	calculated	as	follows:	 	
XA	 =	 (1	 −	 φA1)	 ×	 100%	 	 	 	 	 	 	 	 	 	 	 (1)	
SVC	=	φVC	/	(1	−	φA1)	×	100%	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 (2)	
where	φA1	was	the	volume	fraction	of	the	remaining	acetylene	
and	φVC	 was	 the	 volume	 fraction	 of	 vinyl	 chloride.	 To	 distin‐
guish	the	catalytic	performance,	we	employed	a	GHSV	of	C2H2	
as	high	as	600	h–1,	which	was	higher	than	the	velocity	used	for	
the	evaluation	of	conventional	HgCl2	catalysts.	
2.5.	 	 Bond	energy	analysis	
Fundamental	concepts	in	organic	chemistry	involve	intrinsic	
relationships	and	consist	of	energetics,	structure,	and	reactivi‐
ty.	 The	 experimental	 and	 theoretical	 values	 for	 the	 BDEs	 are	
essential	 for	 chemical	kinetics,	 free	 radical	 chemistry,	 and	or‐
ganic	 thermochemistry.	 Nevertheless,	 getting	 reliable	 data	 of	
the	 BDEs	 or	 internal	 chemical	 bond	 strength	 can	 be	 complex	
and	trying	[28,29].	
The	 BDE	 for	 homolysis	 of	 the	 RX	 bond	 is	 defined	 as	 the	
enthalpy	change	in	the	following	fission:	
R–X	→	R	+	X	 	 	 	 	 	 (3)	
Hence,	 BDE	 is	 also	 called	 the	 bond	 dissociation	 enthalpy.	
The	 species	 R–X	 can	 be	 molecules,	 radicals,	 ions,	 complexes,	
and	clusters.	BDEs	are	commonly	referred	to	as	bond	strengths,	
binding	energies,	bond	energies,	and	bond	disruption	energies	
(enthalpies).	A	variety	of	methods	are	available	for	determining	
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BDE	values.	 The	experimental	BDE	values	of	many	 important	
compounds	 have	 been	 measured	 by	 researchers	 worldwide.	
However,	 the	 BDE	 values	 remain	 controversial	 among	 scien‐
tists	because	a	tedious	work	of	experimental	studies	is	involved	
to	 get	 the	 relative	 BDE	 values	 [29,30].	 Although	we	 collected	
the	experimental	data,	including	all	the	information	is	difficult	
because	most	users	were	concerned	with	reliable	experimental	
values	only	[18,29,30].	
As	the	descriptor	of	redispersion	efficiency,	the	redispersion	
rate	τ	was	used	in	the	following	equation:	
τ	=	(RS	–	RD)/t	 	 	 	 	 	 	 	 (4)	
where	t	 is	 the	 treatment	 time	of	 contact	with	 iodohydrocar‐
bons.	
3.	 	 Results	and	discussion	 	
To	illustrate	the	redispersion	behavior,	we	modeled	Au	NPs	
as	spherical	drops	[31].	The	RS	and	RD	represent	curvature	ra‐
dius	of	sintered	and	redispersed	Au	NPs,	 respectively	 (Fig.	1).	
As	a	main	technique,	powder	XRD	is	widely	employed	in	nano‐
science	 investigation.	The	average	 size	of	Au	NPs	 can	be	 esti‐
mated	 from	 the	 full	 width	 at	 half	 maximum	 (FWHM)	 of	 the	
diffraction	 line	 by	 the	 Scherrer	 formula.	 Particle	 sizes	 below	
3–4	nm	in	diameter	were	estimated	from	the	TEM	or	HRTEM	
images.	The	XRD	results	reveal	that	the	diameter	of	the	Au	par‐
ticles	was	 1.6	 nm	 and	 larger	 than	 33	 nm	 on	 the	 as‐prepared	
and	sintered	Au/AC	catalysts,	 respectively	(Fig.	2),	which	was	
in	 good	agreement	with	 reported	 results	 [17,18].	The	diffrac‐
tion	 lines	 of	 the	 Au	 (111),	 (200),	 (220),	 and	 (311)	 displayed	
lattice	 planes	 and	 a	monocrystal	 feature	 (Fig.	 2).	 Apart	 from	
those	associated	with	the	carbon	support,	no	other	peaks	were	
observed.	 A	 series	 of	 iodohydrocarbons	 were	 used	 to	 redis‐
perse	the	sintered	Au	catalyst.	When	the	sintered	Au/AC	cata‐
lyst	was	treated	with	triiodomethane	(CHI3,	commonly	used	as	
a	wound	disinfectant	 and	 has	 a	 lower	 toxicity	 than	 the	 other	
organic	iodides)	at	40	C	for	30	min,	the	diffraction	lines	of	Au	
NPs	almost	disappeared	(Fig.	2),	indicating	that	the	diameter	of	
the	Au	was	below	3	nm.	The	sintered	Au	NPs	were	then	redis‐
persed	after	CHI3	treatment	at	40	C	for	different	times	(Fig.	1).	
Moreover,	 as	 a	 systematic	 investigation	 of	 iodohydrocarbons	
on	the	redispersion	process	of	Au	NPs,	we	previously	showed	
that	after	 treatment	with	 iodopentane	(C5H11I),	 the	 intensities	
of	 the	Au	diffraction	patterns	 significantly	decreased.	When	a	
similar	 treatment	was	 carried	 out	 using	 iodobenzene	 (C6H5I),	
CH3I,	 and	 iodopropane	 (C3H7I),	 the	 XRD	 patterns	 of	 Au	 NPs	
remained	but	their	intensities	decreased.	The	results	indicated	
the	reduction	of	intensities	follow	the	order	of	CI	BDEs	varia‐
tion:	CICHI3		CIC5H11I		CIC3H7I		CICH3I		CIC6H5I	 [29].	The	
size	decrease	performance	could	be	due	to	the	varied	BDEs	of	
the	 C–I	 bond	 in	 the	 iodohydrocarbons	 employed:	 low	 BDEs	
resulted	 in	 small	 Au	 NPs.	 Furthermore,	 iodic	 species	 partici‐
pated	in	the	redispersion	of	sintered	Au	NPs	[18,32].	
The	redispersion	process	is	illustrated	in	the	TEM	image	of	
the	sintered	catalyst	treated	with	CHI3	for	30	min.	In	this	case,	
small	 particles	were	 formed	on	 the	 carbon	 carrier	 from	 large	
Au	NPs	with	a	mean	size	of	2.58	nm.	The	TEM	images	indicate	
that	the	average	particle	size	of	the	sintered	Au/AC	decreased	
from	33	to	2.58	nm	after	the	catalyst	was	treated	with	CHI3	for	
30	 min.	 The	 average	 particle	 size	 decreased	 with	 increasing	
treatment	 time	 (Fig.	 1	and	Table	1).	Au	NPs	were	 further	de‐
creased	in	size	to	0.8	nm	after	treatment	for	60	min	(Fig.	3(e)).	
The	 corresponding	 HAADF‐STEM	 images	 confirm	 the	 trans‐
formation	of	the	NPs	(Fig.	3(f)).	This	phenomenon	reflected	the	
characteristics	of	reverse	agglomeration.	Hence,	the	dispersion	
of	Au	NPs	underwent	dissociation	as	a	function	of	time	and	was	
probably	not	 terminated	because	of	 the	high	potential	 energy	
of	 the	 particles.	 In	 all	 probability,	 the	 disintegration	 of	 large	
particles	suggests	the	spontaneous	formation	of	a	monolayer	of	
iodine	 atoms	 on	 the	 Au	 surface	 after	 treatment	 with	 CHI3	
Sintering Redispersion 
Rf Rs Rr 
Fig.	1.	Schematic	of	the	redispersion	of	supported	Au	NPs	in	a	spherical	model	with	radius	RS	(sintered	Au	NPs)	and	Rr	(dispersed	Au	NPs)	of	curva‐
ture.	
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Fig.	2.	 XRD	patterns	 of	 the	 sintered	Au/AC	 catalysts	before	 and	after	
treatment	with	CHI3	at	40	°C	as	a	function	of	time.	
Table	1	
Changes	 in	 the	Au	content	analyzed	by	XRF	and	mean	size	of	Au	NPs	
estimated	 by	 XRD/TEM	 of	 the	 sintered	 Au/AC	 catalyst	 treated	 with	
CHI3	at	40	°C	as	a	function	of	time.	
Time	(min)	 Au	(wt%)	 Time	(min)	 Mean	size	(nm)	
0	 0.94	 	 0	 33.2	
30	 0.72	 	 5	 11.2	
60	 0.79	 10	 	 8.2	
120	 0.82	 15	 	 5.1	
180	 0.81	 30	 	 2.6	
300	 0.82	 60	 	 0.8	
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[18,24].	These	Au	NPs	underwent	fusion	and	fragmentation	on	
the	 support,	 since	Au	donates	 electrons	 to	 iodine	 atoms	 [24].	
Furthermore,	iodine	adsorption	on	the	NPs	decreased	the	sur‐
face	potential	 of	Au	NPs,	 resulting	 in	 enhanced	driving	 forces	
[10].	Iodine‐coated	Au	NPs	also	induced	redispersion	in	a	con‐
trolled	 manner	 on	 the	 carbon	 support.	 The	 activated	 carbon	
support	was	superior	to	other	supports,	such	as	SiO2	and	Al2O3,	
in	 terms	of	 capturing	migrated	Au	NPs	 [24,33].	The	 combina‐
tion	with	the	redispersion	process	with	CI	BDEs	and	the	dif‐
ference	in	size	distribution	with	the	different	CI	BDEs	could	be	
due	to	the	balance	between	the	adsorption	of	iodic	species	and	
the	surface	potential	energy	of	Au	NPs.	Iodohydrocarbons	may	
function	as	a	subsurfactant	for	size	control	[34,35].	Long‐term	
redispersion	confirmed	 the	 formation	and	controllable	size	of	
Au	 NPs/nanoclusters	 on	 the	 carbon	 support	 in	 a	 stable	 state	
[7].	
The	interaction	among	iodic	species,	Au	atoms,	and	carbon	
carriers	 was	 determined	 using	 XPS	 data.	 Upon	 reaction	 with	
different	 iodic	 compounds,	 the	 stability	 of	 the	 Au	 NPs	 in	 the	
final	 state	may	 partially	 control	 the	 variation	 in	 particle	 size.	
The	bond	strength	of	CHI2–I	 is	 lower	than	that	of	C6H5–I	(203	
vs.	272	kJ	mol–1),	which	may	lead	to	the	formation	of	small	par‐
ticles	[36].	Changes	in	the	C–I	bond	strength	could	be	beneficial	
because	a	lower	C–I	BDE	can	be	easily	dissociated.	Based	on	the	
analysis	 of	 BDEs,	 iodohydrocarbons	 with	 low	 BDEC–I	 values	
produce	high	concentrations	of	iodic	species	in	the	liquid	phase	
[7,37].	The	dissociated	iodic	species	reacted	with	Au	NPs	on	the	
carbon	support	and	induced	the	redispersion	process.	XPS	data	
confirmed	this	 (Fig.	4).	The	elemental	concentrations	and	oxi‐
dative	 states	 of	 Au0,	 Au3+	 and	 Au+	 on	 the	 Au/AC	 surface	 are	
summarized	in	Table	2.	All	evaluated	catalysts	exhibit	Au0	and	
Au+	 species,	 whereas	 the	 Au3+	 species	 was	 present	 in	 the	
as‐prepared	catalyst	only.	Sintered	Au/AC	contained	the	high‐
est	 amount	 of	 Au0	 species.	 When	 the	 sintered	 Au/AC	 was	
treated	with	CHI3	at	40	°C	for	60	min,	the	Au+	content	increased	
from	 28.5%	 to	 68.2%,	 which	 showed	 that	 Au0	 species	 were	
oxidized	 to	 Au+	 in	 the	 presence	 of	 CHI3	 [12].	 Moreover,	 the	
binding	energies	of	619.1	and	620.9	eV	could	be	attributed	to	I	
and	polyiodic	species	(Inm,	n		1,	0		m		1),	respectively	(Fig.	
4(c)).	The	 I	3d	 XPS	profile	 revealed	 the	 formation	of	 auric	 io‐
dide	 (AuxIy)	 [23,32].	 With	 increasing	 treatment	 time,	 the	 Au	
content	 decreased	 from	 0.94	 to	 0.72	 wt%	 and	 gradually	 be‐
came	constant	at	0.8	wt%	(Table	1).	This	result	suggested	that	
Au	NPs	were	corroded	and	redispersed	on	the	catalyst	surface	
during	 the	 CHI3	 treatment.	 This	 protocol	 can	 be	 a	 potential	
alternative	for	the	preparation	of	highly	uniform	and	dispersed	
Au	NP/nanocluster	catalysts.	Moreover,	the	diffusion	of	Au	NPs	
after	nucleation	may	involve	a	galvanic‐reaction‐like	process,	in	
which	Au	is	reduced	on	Au	nuclei	through	the	transfer	of	elec‐
trons	 from	 the	 carbon	 surface,	with	 the	 accompanying	 oxida‐
tion	of	the	carbon	support	[38].	Considering	the	weak	interac‐
tion	 between	 the	 carbon	 support	 and	 Au	 NPs,	 the	 C	 1s	 XPS	
spectra	 of	 Au/AC	 catalysts	 showed	 negligible	 changes	 before	
and	after	Au	sintering,	as	well	as	before	and	after	redispersion	
with	iodohydrocarbons	(Fig.	4(d)).	
To	reveal	the	general	relationship	of	BDEs	and	redispersion	
rate	 of	 the	 Au	 NPs	 to	 predict	 the	 redispersion	 efficiency,	 we	
need	a	descriptor	for	the	prediction	of	the	redispersion	behav‐
ior.	Halide	ions	are	adsorbed	on	Au	surfaces	with	binding	ener‐
gies	 that	 scale	with	polarizability	 (I	 >	Br	 >	 Cl),	 resulting	 in	
different	crystal	facets	{(111)	>	(110)	>	(100)}	[23,24].	To	ac‐
curately	 evaluate	 the	Au	 dispersion	 efficiency,	we	 carried	 out	
Au	dispersion	by	similar	methods	using	another	two	series	of	
alkyl	 halides,	 namely,	 bromohydrocarbons,	 and	 chlorohydro‐
carbons.	The	XRD	patterns	of	the	sintered	Au	catalyst	samples	
treated	with	different	bromohydrocarbons	at	40	C	for	12	h	are	
listed	 in	Fig.	5(a).	 Compared	with	 the	 treatment	with	 iodohy‐
drocarbons,	 the	bromohydrocarbon	 treatment	 resulted	 in	 the	
incomplete	 vanishing	 of	 the	 Au	 features	 in	 terms	 of	 C3H7Br,	
CH2Br2,	 and	 CHBr3	 with	 some	 features	 remaining,	 although	
with	 less	 intensity	 of	 the	 peaks	 upon	 CBr4	 treatment.	 In	 the	
case	of	 the	 treatment	with	C3H7Br,	minimal	changes	were	ob‐
served	 in	 the	 XRD	 pattern	 because	 the	 treatment	 time	 and	
temperature	 affect	 redispersion.	 Evidently,	 prolonging	 the	
treatment	 time	 can	 induce	 high	 redispersion	 levels	 (Fig.	 1),	
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Fig.	3.	Representative	TEM	and	HRTEM	 images	of	 randomly	 selected
areas	in	Au/AC	catalysts.	(a)	Sintered	catalyst,	and	the	inset	shows	the
selected	area	electron	diffraction	(SAED)	pattern;	(bd)	Sintered	cata‐
lyst	after	treatment	with	CHI3,	CHBr3,	and	CHCl3	at	40	°C	for	30	min,	12
h,	and	12	h,	respectively;	the	inset	shows	the	selected	area	(red	rectan‐
gle)	that	represents	the	lattice	spacing	of	the	Au(111)	plane;	(e,	f)	Typi‐
cal	 HRTEM	 and	 DF‐STEM	 images,	 respectively,	 of	 different	 randomly
selected	 areas	 of	 the	 Au/AC	 catalyst	 images	 of	 sintered	 Au/AC	 after
treatment	with	CHI3	at	40	°C	for	60	min.	
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indicating	 that	 variation	 in	 the	 size	 of	 Au	 NPs	 becomes	 ar‐
ranged	 in	 the	 order	 from	 larger	 than	30	 to	 0.76	nm	with	 the	
extension	 of	 treatment	 time	 [17,39].	 The	 treatment	 tempera‐
ture	 also	 significantly	 affected	 redispersion,	 as	 evidenced	 by	
the	 FWHM	of	 the	 diffraction	 line	 and	 average	 size	 of	 Au	NPs	
and	 the	 redispersion	by	 treatment	with	 CH2Br2	 and	diameter	
size	distribution.	High	 temperatures	 induced	 the	 formation	of	
small	Au	NPs	under	the	operating	conditions	[17,18].	The	trend	
of	mean	Au	size	was	consistent	with	 the	order	of	CBr	BDEs,	
following	CBrC3H7Br		CBrCH2Br2		CBrCHBr3		CBrCBr4	[29,30].	
Upon	 treatment	 using	 equivalent	 chlorohydrocarbons,	 the	
Au	diffraction	features	did	not	significantly	change	when	using	
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Fig.	4.	Au	4f	XPS	spectra	of	the	sintered	Au/AC	catalysts	(a)	and	sintered	Au/AC	treated	with	CHI3	at	40	°C	for	60	min	(b);	(c)	I	3d	XPS	spectra	of	the	
redispersed	Au/AC	catalyst	with	CHI3	at	40	°C	for	60	min	(sample	(b));	(d)	C	1s	XPS	spectra	of	carbon	host	(1)	and	Au/AC	catalysts	before	(2)	and	
after	(3)	redispersion	with	CHI3	at	40	°C	for	60	min.	
Table	2	
Relative	 chemical	 composition	 of	 the	 Au	 catalysts.	 Elemental	 concen‐
trations	are	expressed	as	atomic	percentage.	
Catalyst	 Atomic	ratio	of	Au	species	(%)	 	 Au	4f7/4	BE	(eV)Au3+	 Au+	 Au0	 	 Au3+ Au+ Au0
Sintered	 0	 28.5	 71.5	 	 	 84.6 84.1
Redispersed*	 11.4	 68.2	 20.4	 	 86.2 84.8 83.9
*	Sintered	Au/AC	redispersed	with	CHI3	at	40	°C	for	60	min.	
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Fig.	5.	(a)	XRD	patterns	of	sintered	Au/AC	catalysts	and	after	treatment	with	a	series	of	bromohydrocarbons	at	40	°C	for	12	h;	(b)	Corresponding	Au
average	particle	size	of	the	sintered	Au/AC	before	and	after	redispersion	indicated	in	(a).	
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C3H7Cl	 and	CH2Cl2	 (Fig.	6).	 In	 the	 cases	of	CHCl3	and	CCl4,	 the	
intensities	of	 the	Au	diffraction	 features	decreased.	 Similar	 to	
bromohydrocarbons,	 the	 redispersion	 efficiency	 of	 chlorohy‐
drocarbons	 was	 consistent	 with	 the	 variation	 in	 CCl	 BDEs,	
accompanied	by	the	order:	CCl	C3H7Cl		CClCH2Cl2		CClCHCl3		
CClCCl4	[29,30].	
To	 clarify	 the	 redispersion	 processes,	 we	modeled	 the	 Au	
NPs	as	spherical	drops	[31].	The	RS	and	RD	are	indicated	as	the	
curvature	 radius	 of	 the	 sintered	 and	 redispersed	 Au	 NPs,	 re‐
spectively	(Fig.	1).	The	redispersion	rate,	τ,	was	defined	as	the	
change	in	mean	size	diameter	per	unit	time.	Thus,	the	redisper‐
sion	rate	was	affected	by	the	treatment	temperature	and	time,	
as	well	 as	 by	 the	 nature	 of	 the	 CI	 bond	when	 excluding	 the	
effect	of	the	carrier	[36,37].	The	C–X	(X	=	Cl,	Br,	and	I)	BDE	data	
used	 in	 this	 work	 were	 collected	 from	 previous	 experiments	
and	reported	data	[2830].	Using	all	three	alkyl	halides,	name‐
ly,	 chloro‐,	 bromo‐,	 and	 iodohydrocarbons,	 the	 plots	 of	 redis‐
persion	rate	against	CX	BDEs	at	the	indicated	treatment	tem‐
perature	and	time	are	shown	in	Fig.	7.	A	good	linear	relation‐
ship	with	R2	=	0.9502	was	achieved.	The	redispersion	rate	de‐
creased	 with	 increasing	 C–X	 (X	 =	 Cl,	 Br,	 and	 I)	 BDEs	 of	 the	
halohydrocarbons.	The	highest	redispersion	rate	was	achieved	
using	 CHI3	 as	 indicated	 by	 the	 minimum	 BDEC–I.	 In	 general,	
iodohydrocarbons	 exhibit	 BDEC–I	 lower	 than	 BDEC–Br	 and	
BDEC–Cl	 of	 bromohydrocarbons	 and	 chlorohydrocarbons,	 re‐
spectively.	Thus,	a	distinct	dividing	zone	was	observed	in	Fig.	8,	
indicating	a	decrease	in	redispersion	rate	following	the	order	of	
BDEC–I		BDEC–Br		BDEC–Cl.	
For	 the	 redispersion	mechanism,	 taken	a	CHI3	as	example,	
when	the	sintered	Au/AC	catalyst	was	immersed	in	CHI3	solu‐
tion,	a	monolayer	of	iodic	species	was	subsequently	and	spon‐
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Fig.	6.	(a)	XRD	patterns	of	the	sintered	Au/AC	catalysts	and	after	treatment	with	a	series	of	chlorohydrocarbons	at	40	°C	for	12	h;	(b)	Corresponding	
Au	average	particle	size	of	the	sintered	Au/AC	before	and	after	redispersion	indicated	in	(a).	
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Fig.	7.	Relative	catalytic	activity	of	acetylene	hydrochlorination	over	the
Au/AC	 catalyst	 before	 and	 after	 regeneration	 cycles	 with	 various	 re‐
dispersion	treatments	with	CHCl3,	CHBr3,	and	CHI3	(three	regeneration
cycles).	
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Fig.	8.	 Correlation	plots	 of	 the	 dependence	 of	 CX	 (X	=	 I,	 Br,	 and	Cl)	
BDEs	of	halohydrocarbons	on	the	redispersion	rate	of	Au	NPs	at	40	°C,	
derived	from	variations	in	radius	of	Au	NPs	before	and	after	treatment	
with	a	series	of	halohydrocarbons.	
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taneously	 adsorbed	 on	 the	 surfaces	 of	 large	 Au	 NPs	 in	 iodic	
solution	 [40].	As	a	 result	of	electron	donation,	Au	NPs	under‐
went	 fusion	 and	 fragmentation	 in	 the	 solution.	 Adsorption	 of	
iodic	 species	 on	Au	NPs	 also	 decreased	 the	 surface	 potential,	
therefore	 inducing	redispersion	 in	a	controlled	manner	 in	 the	
solution	 and	 subsequently	 on	 the	 solid	 support	 [10,40].	 The	
spontaneous	 chemisorption	 of	 iodic	 species	 on	 Au	 NPs	 was	
confirmed	by	electrochemistry	results	and	optical	spectra	[24].	
The	 effect	 of	 iodohydrocarbons	 on	 the	 dispersion	 of	 Au	 NPs	
was	 mainly	 controlled	 by	 the	 CI	 bond	 strength,	 which	 was	
strongly	 correlated	with	 the	 concentration	 of	 the	 active	 iodic	
species.	 Activated	 carbon	was	 selected	 as	 the	 support	 for	 Au	
due	to	the	fact	that	the	interaction	between	carbon	and	Au	NPs	
was	 relatively	 weak.	 The	 existence	 of	 weakly	 bound	 Au	 was	
supported	by	the	variation	in	the	Au	content	following	washing	
the	catalyst	with	water,	acetonitrile,	hexane,	and	toluene	in	the	
absence	of	any	halohydrocarbons	[17].	Therefore,	the	larger	Au	
NPs	were	prone	to	form	during	elevated	conditions	on	the	sur‐
face	of	 the	 carbon.	The	principle	we	carried	out	was	 to	use	 a	
liquid	 phase	 to	 redisperse	 the	 sintered	 larger	 Au	 NPs	 into	
smaller	ones	by	treatment	with	iodohydrocarbons.	Throughout	
the	 entire	 redispersion	 procedure,	 all	 NPs	 redispersed	 ran‐
domly	by	self‐diffusion.	The	dissociated	 iodic	 species	 from	io‐
dohydrocarbons	react	with	Au	NPs	on	the	carbon	support	and	
induce	 the	 redispersion	 process.	 Given	 that	 Au	 donates	 elec‐
trons	 to	 iodic	 species,	 large	 Au	 NPs	 conceivably	 underwent	
fusion	and	fragmentation	on	the	support	by	forming	AuI	spe‐
cies.	 The	 XPS	 data	 confirmed	 this	 hypothesis	 (Fig.	 4).	 In	 the	
process	of	diffusion,	Au	deposition	on	the	carbon	surface	could	
be	 due	 to	 differences	 between	 the	 reduction	 potential	 of	 the	
intermediate	AuxIy	and	the	oxidation	potential	of	the	rich	oxy‐
genated‐functional	surface	of	 the	carbon.	Therefore,	 the	spon‐
taneous	 deposition	 of	 Au	 NPs	 on	 the	 carbon	 support	 during	
redispersion	was	ascribed	 to	 the	redox	 reaction	between	car‐
bon	and	AuxIy	intermediates,	which	was	similar	to	the	reaction	
mechanism	 between	 Pt	 NPs	 and	 single‐walled	 carbon	 nano‐
tubes	or	graphene	oxide	[38,41].	
The	 effects	of	 the	 support	on	 the	 redispersion	behavior	of	
the	 sintered	 Au	 catalysts	 have	 been	 explored	 in	 a	 previous	
work	[18].	The	study	indicated	that	the	use	of	CHI3	 treatment	
could	redisperse	the	sintered	Au	NPs	on	carbon	materials,	such	
as	 XC‐72	 and	 carbon	 nanotubes	 (CNTs),	 as	 well	 as	 on	 oxide	
supports,	 like	SiO2	and	CeO2.	With	 the	carbon	carriers,	XC‐72,	
and	CNTs	and	supported	Au	catalysts,	Au	NPs	of	about	30	nm	in	
size	 were	 converted	 into	 several	 nanometers	 or	 clusters.	 In	
contrast,	although	a	slight	decrease	was	observed	in	the	size	of	
Au	 particles	 on	 the	 CeO2	 and	 SiO2	 supports.	 After	 the	 CHI3	
treatment,	the	sizes	remained	within	the	submicrometer	range,	
which	 was	 in	 agreement	 with	 the	 similar	 observation	 of	 the	
redispersion	behavior	by	Sá	et	al.	[15].	
As	 an	 effective	 regeneration	 protocol,	 the	 performance	 of	
the	 redispersed	 Au	 catalyst	 was	 tested	 for	 acetylene	 hydro‐
chlorination.	All	catalytic	reaction	results	were	obtained	after	4	
h	of	operation	when	the	steady	state	was	attained	(Fig.	8).	The	
results	 revealed	 that	 acetylene	 conversion	of	 the	 as‐prepared	
Au/AC	decreased	from	81.8%	to	11.2%	over	the	sintered	sam‐
ple.	The	selectivity	to	VCM	was	higher	than	99%	for	all	the	cat‐
alysts	 examined.	 The	 catalytic	 activity	 of	 the	 sintered	 Au/AC	
treated	with	CHCl3,	CHBr3,	and	CHI3	showed	different	extents	of	
recovery.	However,	acetylene	conversion	was	marginally	lower	
than	that	of	the	as‐prepared	catalyst,	which	could	be	attributed	
to	the	loss	of	some	Au	during	redispersion	[42,43].	The	regen‐
erated	Au/AC	by	CHI3	exhibited	the	highest	acetylene	conver‐
sion	 over	 both	 counterparts	 obtained	 from	 CHCl3	 and	 CHBr3,	
even	after	three	regeneration	circles.	Consequently,	the	Au/AC	
catalysts	can	be	used	over	a	number	of	deactivation‐	regenera‐
tion	 cycles	 with	 negligible	 deterioration	 in	 catalytic	 perfor‐
mance.	
Finally,	the	dispersion	mechanism	of	Au	NPs	was	proposed.	
In	general,	with	the	CHI3	treatment	as	the	classic	approach,	the	
fundamental	 procedures	 can	 be	 interpreted	 in	 four	 steps:	
chemisorption,	 disintegration,	 redispersion,	 and	 formation	 of	
small	 nanoclusters	 on	 the	 carriers.	 The	 rapid	 chemisorption	
and	interaction	of	iodohydrocarbons	on	the	surface	of	large	Au	
NPs	 initially	 occurred,	 resulting	 in	 the	 homolysis	 of	 the	 CI	
bond	 [24,44].	 Halide	 radical/ions	 were	 adsorbed	 on	 the	 Au	
surfaces	with	binding	energies	that	scale	with	polarizability	(I	>	
Br	>	Cl)	and	crystal	facet	{(111)	>	(110)	>	(100)}	[23].	The	sec‐
ond	 step	 involves	 fast	homolysis	dissociation	of	 the	CI	 bond	
on	 the	Au	surface,	 following	 slow	disintegration	and	diffusion	
of	main	Au	particles	 to	 form	AuI	 species.	Further	disruption	
was	sustained	by	the	ongoing	interaction	of	iodic	species	with	
the	main	Au	particles.	 Subsequently,	 the	particles	 rapidly	dis‐
persed	to	their	final	size	and	reduced	the	surface	potential	en‐
ergy.	The	 final	particle	size	was	affected	by	the	complete	con‐
sumption	 of	 the	 large	 Au	 NP	 precursors	 after	 a	 long	 term	
treatment	 with	 CHI3	 [24,45].	 Generally,	 iodo‐,	 bromo‐,	 and	
chlorohydrocarbons	 functionally	 serve	 in	 a	 similar	 manner	
during	 the	 redispersion	 of	 the	 sintered	 Au/AC	 catalysts	 but	
gave	 different	 redispersion	 rates.	 The	 redispersion	 rate	 was	
determined	by	the	variation	in	BDEC–X	(X	=	Cl,	Br,	and	I)	in	the	
halohydrocarbons	with	a	strong	dependence.	Consequently,	the	
proposal	is	suggested	that	the	BDEC–X	(X	=	Cl,	Br,	and	I)	can	be	
used	as	a	descriptor	for	the	reverse	agglomeration	of	sintered	
Au/AC	to	predict	the	redispersion	of	sintered	Au	NPs.	
4.	 	 Conclusions	 	
We	developed	a	 facile	and	rapid	protocol	 for	 the	redisper‐
sion	of	 sintered	Au/AC	catalysts,	 and	used	 the	CX	 (X	=	 I,	Br,	
and	Cl)	BDEs	as	a	predictive	descriptor.	Upon	 treatment	with	
halohydrocarbons,	 large	 Au	 particles	 exhibited	 redispersion	
under	 mild	 and	 safe	 conditions.	 The	 correlation	 of	 the	 CX	
BDEs	of	halohydrocarbons	with	 the	redispersion	rate	showed	
that	 the	 lowest	BDE	 exhibited	 the	 best	 efficiency	 of	 redisper‐
sion.	 This	 finding	would	 facilitate	 redispersion	 and	 regenera‐
tion	 of	 Au‐based	 catalysts	 supported	 on	 carbon‐based	 hosts.	
The	 mechanism	 gave	 a	 molecular	 level	 understanding	 of	 the	
critical	 interfacial	 events	 and	 revealed	 a	 strategy	 for	 the	 pro‐
duction	of	smaller	Au	NPs/cluster.	
Acknowledgments	
We	 gratefully	 acknowledge	 the	 National	 Natural	 Science	
1802	 Xinping	Duan	et	al.	/	Chinese	Journal	of	Catalysis	37	(2016)	1794–1803	
Foundation	 of	 China	 (21403178,	 21473145,	 21503173,	
91545115),	the	Program	for	Innovative	Research	Team	in	Chi‐
nese	 Universities	 (IRT_14R31),	 and	 the	 Education	 and	 Re‐
search	Fund	 for	Young	Teacher	 in	Fujian	Province	 (JA15003).	
We	 also	 acknowledge	Mr.	 Zhenming	 Cao	 (Xiamen	University)	
for	TEM	assistance	and	useful	discussions.	
References	
[1] M.	Haruta,	T.	Kobayachi,	H.	Sano,	N.	Yamada,	Chem.	Lett.,	1987,	16,	
405–408.	
[2] G.	J.	Hutchings,	J.	Catal.,	1985,	96,	292–295.	
[3] P.	 Johnston,	 N.	 Carthey,	 G.	 J.	 Hutchings,	 J.	Am.	Chem.	 Soc.,	2015,	
137,	14548–14557.	
[4] C.	Kartusch,	F.	Krumeich,	O.	Safonova,	U.	Hartfelder,	M.	Makosch,	J.	
Sá,	J.	A.	van	Bokhoven,	ACS	Catal.,	2012,	2,	1394–1403.	
[5] Q.	Lu,	G.	J.	Hutchings,	W.	Yu,	Y.	Zhou,	R.	V.	Forest,	R.	Tao,	J.	Rosen,	
B.	T.	Yonemoto,	Z.	Cao,	H.	Zheng,	J.	Q.	Xiao,	F.	Jiao,	J.	G.	Chen,	Nat.	
Commun.,	2015,	6,	6567–6564.	
[6] D.	Krüger,	R.	Rousseau,	H.	Fuchs,	D.	Marx,	Angew.	Chem.	 Int.	Ed.,	
2003,	42,	2251–2253.	
[7] J.	 Sa,	 A.	 Goguet,	 S.	 F.	 R.	 Taylor,	 R.	 Tiruvalam,	 C.	 J.	 Kiely,	 M.	
Nachtegaal,	 G.	 J.	 Hutchings,	 C.	 Hardacre,	 Angew.	 Chem.	 Int.	 Ed.,	
2011,	50,	8912–8916.	
[8] X.	G.	Guo,	G.	Z.	Fang,	G.	Li,	H.	Ma,	H.	J.	Fan,	L.	Yu,	C.	Ma,	X.	Wu,	D.	H.	
Deng,	M.	M.	Wei,	D.	L.	Tan,	R.	Si,	S.	Zhang,	 J.	Q.	Li,	L.	T.	Sun,	Z.	C.	
Tang,	X.	L.	Pan,	X.	H.	Bao,	Science,	2014,	344,	616–619.	
[9] R.	M.	J.	Fiedorow,	S.	E.	Wanke,	J.	Catal.,	1976,	43,	34–42.	
[10] R.	 H.	 Ouyang,	 J.	 X.	 Liu,	 W.	 X.	 Li,	 J.	 Am.	 Chem.	 Soc.,	 2013,	 135,	
1760–1771.	
[11] J.	 A.	 Anderson,	 R.	 A.	 Daley,	 S.	 Y.	 Christou,	 A.	M.	 Efstathiou,	Appl.	
Catal.	B,	2006,	64,	189–200.	
[12] A.	Goguet,	C.	Hardacre,	I.	Harvey,	K.	Narasimharao,	Y.	Saih,	J.	Sa,	J.	
Am.	Chem.	Soc.,	2009,	131,	6973–6975.	
[13] B.	R.	Ausmith,	E.	D.	Sanderson,	R.	H.	Ouyang,	W.	X.	Li,	J.	Phys.	Chem.	
C,	2014,	118,	9588–9597.	
[14] Y.	 Nagai,	 K.	 Dohmae,	 Y.	 Ikeda,	 N.	 Takagi,	 T.	 Tanabe,	 N.	 Hara,	 G.	
Guilera,	S.	Pascarelli,	M.	A.	Newton,	O.	Kuno,	H.	Y.	Jiang,	H.	Shinjoh,	
S.	Matsumoto,	Angew.	Chem.	Int.	Ed.,	2008,	47,	9303–9306.	
[15] J.	 Sá,	 S.	 F.	R.	Taylor,	H.	Daly,	A.	Goguet,	R.	Tiruvalam,	Q.	He,	C.	 J.	
Kiely,	G.	J.	Hutchings,	C.	Hardacre,	ACS	Catal.,	2012,	2,	552–560.	
[16] T.	 J.	Woehl,	 C.	 Park,	 J.	 E.	Evans,	 I.	 Arslan,	W.	D.	Ristenpart,	N.	D.	
Browning,	Nano	Lett.,	2014,	14,	373–378.	
[17] K.	Morgan,	R.	Burch,	M.	Daous,	J.	J.	Delgado,	A.	Goguet,	C.	Hardacre,	
L.	A.	Petrov,	D.	W.	Rooney,	Catal.	Sci.	Technol.,	2014,	4,	729–734.	
[18] X.	P.	Duan,	X.	L.	Tian,	J.	H.	Ke,	Y.	Yin,	J.	W.	Zheng,	J.	Chen,	Z.	M.	Cao,	
Z.	X.	Xie,	Y.	Z.	Yuan,	Chem.	Sci.,	2016,	7,	3181–3187.	
[19] M.	Yang,	L.	F.	Allard,	M.	Flytzani‐Stephanopoulos,	J.	Am.	Chem.	Soc.,	
2013,	135,	3768–3771.	
[20] C.	E.	J.	Mitchell,	A.	Howard,	M.	Carney,	R.	G.	Egdell,	Surf.	Sci.,	2001,	
490,	196–210.	
[21] M.	 A.	 Watzky,	 R.	 G.	 Finke,	 J.	 Am.	 Chem.	 Soc.,	 1997,	 119,	
10382–10400.	
[22] B.	Zugic,	S.	Zhang,	D.	C.	Bell,	F.	F.	Tao,	M.	Flytzani‐Stephanopoulos,	
J.	Am.	Chem.	Soc.,	2014,	136,	3238–3245.	
[23] J.	E.	Millstone,	W.	Wei,	M.	R.	Jones,	H.	Yoo,	C.	A.	Mirkin,	Nano	Lett.,	
2008,	8,	2526–2529.	
[24] W.	L.	Cheng,	S.	J.	Dong,	E.	Wang,	Angew.	Chem.	Int.	Ed.,	2003,	42,	
449–452.	
[25] M.	Conte,	A.	F.	Carley,	C.	Heirene,	D.	 J.	Willock,	P.	 Johnston,	A.	A.	
Herzing,	C.	J.	Kiely,	G.	J.	Hutchings,	J.	Catal.,	2007,	250,	231–239.	
[26] H.	Y.	Zhang,	B.	Dai,	X.	G.	Wang,	L.	L.	Xu,	M.	Y.	Zhu,	J.	Ind.	Eng.	Chem.,	
2012,	18,	49–54.	
[27] X.	Y.	Li,	M.	Y.	Zhu,	B.	Dai,	Appl.	Catal.	B,	2013,	142‐143,	234–240.	
[28] J.	A.	Kerr,	Chem.	Rev.,	1966,	66,	465–500.	
[29] Y.	 R.	 Luo,	 Comprehensive	 Handbook	 of	 Chemical	 Bond	 Energies,	
CRC	Press,	Boca	Raton,	FL,	2007.	
[30] Y.	R.	Luo,	Handbook	of	Bond	Dissociation	Energies	in	Organic	Com‐
pounds,	CRC	Press,	Boca	Raton,	FL,	2002.	
[31] D.	 V.	 Leff,	 P.	 C.	 Ohara,	 J.	 R.	 Heath,	W.	 M.	 Gelbart,	 J.	 Phys.	 Chem.,	
1995,	99,	7036–7041.	
[32] M.	 J.	 Crawford,	 T.	 M.	 Klapotke,	Angew.	 Chem.	 Int.	Ed.,	2002,	 41,	
2269–2271.	
[33] M.	A.	Henderson,	G.	E.	Mitchell,	 J.	M.	White,	Surf.	Sci.,	1987,	184,	
L325–L331.	
[34] M.	 A.	 Newton,	 C.	 Belver‐Coldeira,	 A.	 Martinez‐Arias,	 M.	 Fernan‐
dez‐Garcia,	Nat.	Mater,	2007,	6,	528–532.	
[35] B.	G.	Donoeva,	D.	S.	Ovoshchnikov,	V.	B.	Golovko,	ACS	Catal.,	2013,	
3,	2986–2991.	
[36] J.	Liu,	Z.	Zhao,	C.	M.	Xu,	A.	J.	Duan,	G.	Y.	Jiang,	J.	Rare	Earths,	2010,	
28,	198–204.	
 
Graphical	Abstract	
Chin.	J.	Catal.,	2016,	37:	1794–1803	 	 	 doi:	10.1016/S1872‐2067(16)62500‐7
C–X	(X	=	Cl,	Br,	I)	bond	dissociation	energy	as	a	descriptor	for	the	 	
redispersion	of	sintered	Au/AC	catalysts	
Xinping	Duan,	Yan	Yin,	Xuelin	Tian,	Jinhuo	Ke,	Zhaojun	Wen,	 	
Jianwei	Zheng,	Menglin	Hu,	Linmin	Ye,	Youzhu	Yuan	*	
Xiamen	University	
	
	
	
	
The	study	proved	that	alkyl	halide	induces	the	redispersion	of	sintered	Au	
NPs	based	on	R–X	(X	=	 I,	Br,	Cl)	bond	dissociation	energies	and	 thus	pro‐
vides	 a	 simple	 descriptor	 for	 the	 regeneration	 of	 inactive	 supported	 Au	
catalysts.	  
	 Xinping	Duan	et	al.	/	Chinese	Journal	of	Catalysis	37	(2016)	1794–1803	 1803	
[37] X.	H.	Yue,	X.	Zhang,	M.	L.	Fu,	B.	C.	Huang,	H.	Liang,	D.	Q.	Ye,	Chin.	J.	
Inorg.	Chem.,	2009,	25,	1170–1176.	
[38] H.	 C.	 Choi,	M.	 Shim,	 S.	 Bangsaruntip,	 H.	 J.	 Dai,	 J.	Am.	Chem.	 Soc.,	
2002,	124,	9058–9059.	
[39] T.	 Uematsu,	 M.	 Baba,	 Y.	 Oshima,	 T.	 Tsuda,	 T.	 Torimoto,	 S.	 Ku‐
wabata,	J.	Am.	Chem.	Soc.,	2014,	136,	13789–13797.	
[40] P.	H.	Svensson,	L.	Kloo,	Chem.	Rev.,	2003,	103,	1649–1684.	
[41] X.	M.	Chen,	G.	H.	Wu,	J.	M.	Chen,	X.	Chen,	Z.	X.	Xie,	X.	R.	Wang,	J.	Am.	
Chem.	Soc.,	2011,	133,	3693–3695.	
[42] G.	J.	Hutchings,	J.	Catal.,	1985,	96,	292–295.	
[43] K.	Chen,	L.	H.	Kang,	M.	Y.	Zhu,	B.	Dai,	Catal.	Sci.	Technol.,	2015,	5,	
1035–1040.	
[44] J.	C.	Love,	L.	A.	Estroff,	J.	K.	Kriebel,	R.	G.	Nuzzo,	G.	M.	Whitesides,	
Chem.	Rev.,	2005,	105,	1103–1170.	
[45] Y.	 Takeuchi,	 T.	 Ida,	 K.	 Kimura,	 J.	 Phys.	 Chem.	 B,	 1997,	 101,	
1322–1327.	
C-X (X = Cl, Br, I) 键解离能作为烧结Au/AC 催化剂再分散的 
描述因子及相关蕴意 
段新平, 尹  燕, 田学林, 柯金火, 温兆军, 郑建伟, 胡梦麟, 叶林敏, 袁友珠* 
厦门大学化学化工学院, 固体表面物理化学国家重点实验室, 醇醚酯化工清洁生产国家工程实验室, 福建厦门 361005 
摘要: 负载型 Au 基催化剂在工业过程中具有非常广泛的潜在应用, 如催化加氢/脱氢过程、精细化学品合成、能源催化转
化及环境保护等过程, 表现出很高的催化活性和选择性.  Au 基催化剂活性物种或活性中心基本由纳米粒子或化合物构成, 
但在应用过程中因 Ostwald 熟化效应或粒子迁移作用, 尤其是高温高压等苛刻反应条件下, 均随应用时间延长从小尺寸粒
子逐渐长为大粒子, 造成活性降低或完全失活, 这也是负载型催化剂失活的最主要原因之一.  其中因成本、稀缺等特性, 负
载型 Au 催化剂的烧结问题是影响和制约其应用的主要因素.  除可通过载体改性、助剂和官能团配位稳定等方法来延缓其
失活过程外, 对已烧结催化剂的高效、快捷和绿色的再分散/再生过程也具有基础和应用研究的重要意义.   
活性炭载 Au 催化剂 (Au/AC) 广泛应用于乙炔氢氯化反应中, 以期替代高毒性的汞基催化剂, 但在反应过程中因高活
性的 Au3+物种易被还原而形成 Au0 物种进而烧结导致失活;  如新鲜 Au/AC 催化剂表面的 Au 粒子尺寸为 12 nm, 经乙炔
氢氯化反应后变为 33 nm 左右;  随之在 453 K、0.1 MPa、乙炔体积空速 (GHSV) 为 600 h1、氯化氢与乙炔摩尔比为 1.1 的
反应条件下, 乙炔转化率从 81.8% 降至 11.2%.  如何有效对大粒子 Au 再分散/再生可为其应用提供有力支撑.  有研究表明, 
气相 CH3I 在甲醇羰基化反应过程中明显改变 Au/AC 表面的 Au 粒子尺寸;  或采用浓盐酸或王水也可将烧结的 Au/AC 催
化剂进行再分散/再生.  但已有的 Au 基催化剂再分散/再生过程均伴随着强酸、强氧化或高毒性在分散剂的应用, 对环境的
影响及后续处理有明显的局限性, 且再分散机理尚不明确.   
在前期工作基础上, 本文采用系列卤代烃 (碘代烃、溴代烃和氯代烃) 对烧结的 Au/AC 进行再分散/再生研究.  结果表
明, 在室温常压条件下 CHI3 可以快捷高效地对烧结 Au/AC 催化剂进行再分散/再生, 具有最优的再分散性能;  通过对系列
碘代烃 CI 键的解离能分析, 发现 CI 解离能越低越有利于大粒子 Au 的再分散.  同时, 溴代烃和氯代烃对烧结的 Au/AC 
催化剂也具有再分散能力, 但比碘代烃的再分散效率低.  CX 键的解离能与再分散效率有高相关性, 即 CX 键的解离能
越低越有利于 Au 的再分散.  总体上, 三类卤代烃再分散效率高低顺序为 CI＞CBr＞CCl.  进而, 通过不同分散过程中 
Au 粒子分散状态推测了卤代烃对 Au 粒子的再分散机理, 即卤代烃先在 Au 粒子表面化学吸附, 然后 CX 键解离, 形成 
AuX 物种, 小粒子 Au 在 AC 表面聚集并稳定, 最后形成高分散 Au 粒子 (粒径 < 1 nm) 催化剂.  以乙炔氢氯化反应考察
了再生 Au/AC 催化剂性能, 结果表明, 该催化剂上乙炔转化率可达 79.4%, 基本恢复至初始水平, 且该方法可对失活催化剂
进行多次高效再生.  
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收稿日期: 2016-05-14. 接受日期: 2016-06-22. 出版日期: 2016-10-05. 
*通讯联系人. 电话:  (0592)2181659;  传真:  (0592)2183047;  电子信箱:  yzyuan@xmu.edu.cn 
基金来源: 国家自然科学基金(21403178, 21473145, 21503173, 91545115);  教育部创新团队发展计划 (IRT_14R31);  福建省青年
教师教学科研基金(JA15003). 
本文的英文电子版由Elsevier出版社在ScienceDirect上出版(http://www.sciencedirect.com/science/journal/18722067).  
 
